ABSTRACT The tools of molecular and cellular biology can be used to precisely describe traits in terms of a sequence of nucleic acids when their molecular and cellular bases are well understood. The entire genome of elite production birds, however, cannot be written as a series of A's, T's, C's, and G's because the interaction between alleles at the same and different loci is too large and there is likely to be many genotypes that encode the same production trait phenotype. A first draft of the genetic map of the chicken is anticipated within the next few
INTRODUCTION
At the beginning of the twentieth century, poultry production was a secondary activity on the family farm and usually provided a small income for women and children. At this time, chicken was a highly regarded food that was prepared only on special occasions. Throughout the twentieth century, consumption of poultry increased steadily, and in many regions of the world today, poultry is the major source of animal protein in diets. This remarkable evolution began with backyard flocks of 10 to 50 birds at the turn of the century, progressed to flocks of several hundred birds reared on outdoor ranges in the 1930 and 2001 Poultry Science Association, Inc. Received for publication June 11, 2001 . Accepted for publication August 24, 2001. 1 Presented during the World's Poultry Science Association Lecture at the joint meeting of the World's Poultry Congress and the Poultry Science Association, Montreal, Canada, August 21, 2000. 2 To whom correspondence should be addressed: retches@ origentherapeutics.com.
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years, but a complete molecular description of the genome of birds with elite production characteristics is not anticipated in the near future. Quantitative genetics will remain the cornerstone of breeding programs for production traits. Novel sequences encoding traits such as enhanced nutritional capability (e.g., expression of phytase) and resistance to specific diseases could be introduced into lines of chickens using the tools of molecular and cellular biology. Cloning could be used by the poultry industry to disperse highly desirable genotypes without the need for grandparent and parent flocks for mulitiplication.
1940s, and has finished the twentieth century with production units of several thousand birds in sophisticated, environmentally controlled units operated by national and multinational corporations.
By the middle of the nineteenth century, generations of poultry breeders throughout the world had identified, selected, and nurtured mutations that affect growth rate, egg production, broodiness, feather color, feather structure, feather pattern, comb shape, and numerous other morphological traits. In the Orient, Silkie chickens and Japanese long-tailed fowl were produced as works of art. In India, the Aseel was selected for its ability in the cockpit. Breeds such as the Light Sussex, Rhode Island Red, and Plymouth Rock were bred for the ability to produce eggs and provide meat for the table on festive occasions. At the same time, Sebrights and many other Bantam breeds were produced for their aesthetic appeal.
At the beginning of the twentieth century, our understanding of the chicken genome was rudimentary. In 1902, Bateson presented the first evidence that Mendel's laws of inheritance applied to animals as well as plants by showing that the rose comb and single comb alleles segregated in a Mendian pattern. By 1905, Bateson and Punnett showed that the presence of the pea comb allele and the rose comb allele produced birds with a walnut comb, demonstrating epistasis for the first time in an animal species. The demonstration that alleles at differAbbreviation Key: IGF-1 = insulin-like growth factor 1; SLD = sexlinked dwarfism.
ent genes can influence phenotype through epistatic interactions was a watershed in our understanding of inheritance, and its application in poultry breeding is as relevant today as it was in 1905.
By the 1920s, it was abundantly clear that the inheritance of complex traits such as growth rate and egg production could not be explained by Mendelian inheritance per se. However, the seminal work of Sewell Wright, who recognized that the epistatic interactions of many genes that were inherited in a Mendelian fashion could be estimated using a statistical approach led to the application of quantitative genetic theory in poultry breeding by the 1930s. Throughout the remainder of the twentieth century, the influence of this powerful approach has made a major contribution to the derivation of high-producing stocks of meat-and egg-producing lines of chickens.
The connection between Mendelian inheritance and the physical basis of heredity developed slowly throughout the twentieth century. Currently, very few of the phenotypes that are morphologically obvious can be written as a sequence of DNA, and none of the complex traits such as egg production or growth rate can be described in the language of molecular biology. In some cases, it is possible to describe parts of complex traits or morphologies in units of DNA, and in other cases, it is possible to use markers of various kinds to reveal the underlying units of heredity. The extent of our understanding of the molecular organization of the chicken genome and the applications of this knowledge to poultry breeding are best exemplified by the examples below.
Sex-Linked Dwarfism
Sex-linked dwarfism (SLD) has been used in the poultry industry since the 1980s to produce normal-sized broilers from dwarf dams. The dwarf allele of the SLD locus is a deletion that encodes an abnormal hepatic receptor for growth hormone that prevents binding of the hormone to its ligand (Burnside et al., 1991) . At the whole animal level, the phenotype is observed as a 30% reduction in body weight. It is also associated with lowplasma concentrations of insulin-like growth factor 1 (IGF-1), although the molecular basis for the reduced concentrations of IGF-1 is not clear. Sex-linked dwarfism is also associated with changes in the hypothalamicpituitary thyroid axis, although their connection to the aberrant hepatic growth hormone (GH) receptor cannot be explained at a molecular level at the present time.
Hen Feathering
Although hen feathering has no commercial value, it is an example of a gene that is well understood at the molecular and phenotypic levels. Aromatase is one of the enzymes that is responsible for the conversion of the androgens to estrogens. In wild-type birds, there is a normal level of aromatase activity in the feather follicle that is relatively low, but sufficient, in females to femininize the follicle and give the feather its characteristic female shape. In mutant heterozygotes, peripheral levels of aromatase are about 20 times that found in normal feather follicles, and the feathers of these males have a female phenotype. The homozygous dominant mutant has about 40 times the normal aromatase activity, and he is also hen-feathered (Wilson et al., 1987) . Molecular analysis of this allele has revealed it is the consequence of a retroviral insertion into a regulatory sequence that removes the normal restriction of aromatase expression in extra-gonadal tissues (Matsumine et al., 1991) . The RNA that is made by this aberrant allele has also been characterized to produce a complete explanation of the gene, its mechanism of action, and the whole-animal phenotype. In general, however, it is unusual to acquire as much molecular information on traits.
Slow Feathering
Slow feathering has been used extensively in the poultry industry to provide a rapid and technologically simple method to sex chickens. The genotypes are distinguished at hatch by the difference in the length of the primary feathers in rapid-and slow-feathering birds; the slow-feathering genotype is distinguished by primary and secondary wing feathers that are of equal length. In rapid-feathering birds, the primary wing feathers extend well beyond the secondaries. Rapid-feathering males (k + k + ) are mated to slow-feathering females (K − ) to produce slow-feathering male (Kk + ) and rapid-feathering female (k +− ) offspring. A retroviral insertion has been associated with the gene that causes slow feathering, although it is unclear how this insertion affects feather growth. Furthermore, it is not clear what is encoded by the slow-feathering locus and how the protein exerts it effect.
In Situ Hybridization
The location of a number of genes within the genome can be identified by hybridizing a probe for the gene to a preparation of chromosomes. This level of information may not require an extensive knowledge of the gene or the molecular biology of the gene product. However, it can provide useful information regarding the location of a gene in the genetic map of the chicken genome that can, in turn, be used to characterize lines of chickens, to localize specific genes within the genome, and to identify the location of new genes. Similar tools are rapidly becoming available to identify chromosomes and to verify that the karyotype of a line of chickens carries a normal set of chromosomes.
The Genetic Map
The chicken genome has 39 pairs of chromosomes and is about one-third the size of the human genome. There are five macrochromosomes that make up 55% of the genome, five mid-sized chromosomes that make up the next 20%, and the last 25% of the genome is located in 28 microchromosomes. Males are ZZ, and females are ZW. The chicken genome map has been mainly derived from the study of three reference populations. The East Lansing reference population has yielded about 830 markers in 39 groups, which is presumably represented in the 39 chromosomes.
The Compton reference population has yielded 420 markers in 36 groups; the Wageningen reference population has yielded 471 markers in 28 groups. Linkage groups have been assigned to chromosomes 1 to 8, the W chromosome and 16 of the microchromosomes. The consensus map, which integrates information from all of the reference populations, contains about 2,000 markers and spans 3,800 cM (Schmid et al., 2000) . Thus, on average, 1.9 cM are between each marker, and each marker is separated, on average, by 760,000 bases. The map remains a work in progress, and it is very likely that a first draft of the complete sequence of the chicken genome will soon be available. The complete sequence will be derived from the Red Jungle Fowl x White Leghorn (East Lansing), White Leghorn x White Leghorn (Compton), and broiler dam x broiler dam (Wageningen) reference populations. Although a draft of the map will greatly enhance the utility of molecular genetics in poultry breeding, an enormous amount of work will remain to identify the molecular biology of highly valued production traits.
Using Molecular Information to Breed Chickens for the Poultry Industry
The traits that are of interest to poultry breeders, namely egg production, growth rate, and feed conversion, involve many genes. Genes that encode any of the metabolic processes involved in energy and protein metabolism are involved in production traits, but the precise influence of each of these genes on performance traits is unknown. For example, a contribution to growth rate can be imputed to each of the enzymes in the Krebs cycle. Each of the hormones that are known to influence intermediary metabolism, such as adrenocorticotrophic hormone (ACTH), glucagon, insulin, growth hormone, and the thyroid hormones, can influence the overall phenotype when measured as growth rate. Each of the hormones interacts with a receptor, and each receptor is encoded by one or more loci.
The expression of each gene is regulated by adjacent sequences of DNA, and each of these sequences interacts with a variety of cis and trans activators that are encoded within the genome. At each of these genes, there are alleles that confer different rates of reaction and mutations that do not affect function. In different tissues, genes can be transcribed using alternate pathways, and the most "beneficial" (measured as a quantitative trait such as growth rate) transcript in one tissue may be the least "beneficial" in another tissue. The number of permutations and combinations of alleles and the interactions of these alleles at different loci provides a very large number of configurations of genes. Successful poultry breeders have used quantitative selection to increase the frequency of genes that confer high rates of production in populations of birds. Presumably, the product of quantitative selection is also a set of alleles that interacts effectively although the interactions are different in each individual. Both the alleles and their interaction determine phenotype, measured as growth or some other production trait, and both contribute to the variation in phenotype that is used to select better birds in each successive generation.
In 1939, Sewall Wright posed the question "Suppose we were given a reasonably complete map of all the chromosomes showing the location of all important genes affecting a certain character as well as convenient marker genes, what could we do with it?". More than 60 yr later in an era when an understanding of molecular and cellular biology has created products and promises that fuel an entire sector of the economy, we are unable to answer this fundamental question. We are unable to answer because we do not know how many genes are involved in complex production traits; we do not know how many alleles there are at each of these genes, and we do not know how the genes and their alleles interact with each other.
At the present time, and in the foreseeable future, it will not be possible to describe the ultimate broiler or laying hen as a series of A's, T's, C's and G's, because the number of permutations and combinations is too large. In addition, there may be many genotypes that produce equivalent phenotypes, and it would be difficult, if not impossible, to distinguish between them using a quantitative trait such as growth rate. Marker genes may be used to assist in selecting superior genotypes particularly at early stages in the identification of genes that confer a measurable effect on a quantitative trait (e.g., the quantitative trait loci, QTL) but in the long term, marker genes are likely to be replaced with the genes that they mark. Quantitative genetic selection, as described by Sewall Wright and geneticists who have followed in his footsteps, remains a powerful tool to identify superior genotypes and will continue to be the cornerstone of selection programs within the poultry industry.
The Contribution of Molecular Biology to Poultry Breeding
Transgenic technologies can be used effectively in poultry breeding to introduce traits that can be described in the language of molecular biology. For example, it should be possible to introduce the enzyme phytase into the genome of chickens to provide the ability to utilize plant phosphorus. The utility of this genetic change would be twofold. First, it would reduce the addition of inorganic phosphate to the diet of chickens. Second, it would reduce the output of phosphate in poultry waste, which would in turn reduce the accumulation of phos-phorous in waterways and other environmental niches where it is undesirable.
The genes the encode phytase are well understood, and the tools of transgenic technology can be used to introduce this trait into chickens. In mice, the principle of improving phosphorous utilization by including phytase in secretions of the salivary glands has recently been demonstrated (Golovan et al., 2001) , and similar work is underway with pigs.
The creation of chickens with increased resistance to disease will be a major application of molecular biology to poultry production. For example, resistance and susceptibility to Marek's disease is known to be associated with alleles at the MHC (Bacon and Witter, 1994; Lamont et al., 1997) . A simplistic approach will be to express many alleles of the MHC to increase resistance to Marek's and other pathogens that are influenced by alleles at the MHC. More complicated approaches to improving disease resistance will use the evolving understanding of the molecular interactions between pathogens and cells that they target within the chicken. The application of transgenic technology to disease resistance is likely to advance on a case-by-case basis, as the molecular mechanisms that are invoked during pathogenesis are understood. It is unlikely that a transgenic approach will yield chickens that are generally more disease resistant, although general disease resistance may be improved through quantitative genetic selection.
The application of transgenic technology to poultry breeding has the potential to significantly increase the welfare of chickens by improving disease resistance. In cases where anti-infective agents such as coccidiostats and antibiotics are used, a genetic approach to generating disease resistance may also reduce the use of feed additives. In terms of public policy and consumer acceptance, the fear of transgenic technology will need to be balanced with the benefit of reducing the use of complex organic compounds that contribute to the evolution of antibiotic-resistant microorganisms. The ability to use biologically based mechanisms of disease management opens many novel approaches to providing safe and nutritious food while simultaneously improving the health status of chickens. Realization of this potential will require informed public discussion of the real and perceived benefits as well as the risks of both existing and nascent technologies.
Cloning
The strategies that have been applied to plant and animal breeding before and after the discovery of the principles of inheritance have been constrained by the modes of reproduction of each organism. For example, grape propagation has relied on cloning of cultivars by grafting. Strawberry breeders have effectively used controlled pollination to combine desired traits of parental varieties and then have cloned the most desirable offspring by vegetative propagation to produce cultivars that are widely distributed in the field. The ability to produce strawberries by sexual reproduction and by cloning has evolved into a very powerful breeding strategy. This strategy relies on sexual reproduction to produce a wide range of individuals whose phenotype can be evaluated. When the phenotype that most closely fits the breeding objectives is identified, it is faithfully propagated without loss of any of its attributes by cloning. Producers can capitalize on the attributes of the cultivar, while breeders make sexual crosses to identify new individuals that have superior performance characteristics.
In the past, chicken breeding has been constrained by the requirement for sexual reproduction. Consequently, the mean performance of flocks produced from outstanding breeders is lower than the performance of their outstanding parents. Recent advancements in developmental and cell biology, however, have provided an opportunity to separate use of the best genotypes in the field from the selection of elite breeding stock. Briefly, the technology relies on the ability to make chimeras from embryonic stem cells derived from elite genotypes. When chimeras are derived entirely from the embryonic stem cells and the cells are derived from elite genotypes, the chimeras have the phenotype of the elite stocks from which the cells were derived. This principle has been established in experiments conducted by Carsience et al. (1993) , although the technology for routine production of chimeras for the poultry industry has not yet been completed.
Development of the technology to replicate elite genotypes using chimeric technology has the potential to become a major contribution of biotechnology to poultry breeding. This technology would release the breeding industry from the constraint of disseminating superior genotypes through a hierarchical breeding scheme and allow breeders to concentrate selection on traits associated with production, disease resistance, product quality, and animal welfare.
